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liquid air energy storage system
hybridization, modelling, and economics: towards
carbon neutrality

Ahmed M. Salem *ab and Ahmed M. Khairaa

The rapid increase in energy consumption around the world is the main challenge that compromises and

affects the environment. Electricity generation, which mainly depends on fossil fuels, produces around 80%

of CO2 emissions released into the atmosphere. Renewables are a remarkable alternative for energy

production. However, they are intermittent sources of energy. Liquid air energy storage (LAES) is

a medium-to large-scale energy system used to store and produce energy, and recently, it could

compete with other storage systems (e.g., compressed air and pumped hydro), which have geographical

constraints, affect the environment, and have a lower energy density than that of LAES. However, the

low efficiency, high payback periods, and profit values of LAES hamper its commercialization. LAES is

premature to be fully studied because lack of actual operating conditions and results from large plants,

which affect the techno-economic predictions, in turn, affecting technology commercialization.

Furthermore, the off-design conditions are not fully covered although it is a crucial step in system

performance evaluation. To this end, the current mini-review sheds light on the LAES design, history,

types, limitations, and the associated techno-economic analysis. In addition, state-of-the-art modelling

tools are widely explained with benefits and shortage. Furthermore, LAES integration with other systems

is explained widely, as it was found to boost the system performance and increase the profit with lower

payback periods.
1. Introduction

The gradual increase in energy demand in developed and
emerging countries, besides rich countries, poses major chal-
lenges. The depletion of non-renewable/conventional energy
sources (i.e., oil, gas, and coal) is followed by the increase in
global warming that comes from the ever-increasing emissions
of greenhouse gases (GHG).1,2 Consequently, it requires the
managed and appropriate use of renewable energy sources.
Renewable energy is commonly produced from solar, wind,
tide, biomass, and geothermal sources.3,4 A rapid increase in
electricity generation depending on renewables has been
recently found due to the policies of clean production that are
followed in most countries.5 It is advised that CO2 emissions
should be decreased by 90% by 2050,6 so that the global
warming effect could be reduced below 2 °C as advised.
Therefore, the energy production sector will have to be fully
decarbonized and dependency on renewables increased.

Unlike conventional energy, the renewable sources are clean,
easily available, and inexhaustible. They are growing fast and do
f Engineering, Tanta University, Tanta,
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ces, Heriot-Watt University, Edinburgh,
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not require thousands of years to be formed. Therefore, based
on researchers' expectations, it will replace many conventional
energy sources and will majorly contribute to energy production
around the world.7,8 Clean and renewable energy sources are
required to potentially solve the issues of global energy crisis
and environmental pollution caused by the heavy use of fossil
fuels.9,10During the COVID pandemic and quarantine situations
around the world, the need to produce energy from renewables
has raised. An increasing interest has risen with the exponential
growth in fossil fuel depletion to meet the global needs espe-
cially for electricity production.11,12 Renewable energy sources
have several types e.g., hydropower,13 solar,14 geothermal,15

biomass,9,16 and wind power.17

However, renewable energy sources have some limitations.
They depend on weather conditions; besides, they do not
support a continuous feed of energy supply (intermittent).18–20

Additionally, they produce low electricity levels compared to
fossil fuels. Furthermore, the imbalance between supply and
demand, and lower capacity margin make it less exible and
could be major disadvantages to the energy production sector.21

The utilization of natural, and unlimited energy resources from
the environment with the aim of converting them into elec-
tricity, while ensuring the environmental aspect, gives renew-
able energy sources numerous advantages in their use,
primarily the protection of environment. This is evident by the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Worldwide energy storage systems for electricity production.35
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fact that renewable energy sources account for almost zero
percent of greenhouse gas emissions and other air pollution. A
potential way to support integration of renewables' intermit-
tency is the Electrical Energy Storage (EES).22 The EES combines
a wide technology and can be classied depending on the
energy transfer and storage. For large-scale energy applications,
the thermal and electro-mechanical storage systems are used.
The dominant energy storage in the world is covered by pumped
hydro storage (PHS), followed by compressed air technology
(CAES).23 However, such systems are strongly dependent on
geographical constraints and, consequently, have environ-
mental concerns.

Recently, air has been used alternatively for grid-scale energy
storage in a technology named liquid air energy storage
(LAES).24 As a result, it started to draw the attention in research
and academia. During off-peak, renewable energy is used to
power the unit of air liquefaction, while, whenever energy is
required, the liqueed air is pumped, and expanded through
turbines to generate electricity.25,26 LAES technology overcomes
the limitation of PHS and CAES because it has no geographical
limitations, the components are commercially available, and it
has high energy density, besides it could be integrated with
other energy production sources (hybrid units).27 The PHS and
CAES are mature technologies and have been built on
a commercial scale so far. However, commercialization level,
socio-economic aspects, and technical risks associated with
energy storage systems are dening the maturity level of the
technology.22 As a result, LAES technology is still under industry
demonstration level, and needs further development because of
lower efficiency, liquid yield, and response time.28

LAES cycle performance is measured by different techniques
including experimental and modelling aspects. Moreover, the
techno-economic analysis plays a vital role in such systems.
However, both modelling of the cycles and their economic and
market inuence are very limited in the literature.29 The current
LAES systems are designed with energy recovery units and/or
other energy production e.g., liqueed natural gas, Rankine,
and ORC cycles. As a result, the techno-economic studies are
carried out on hybrid systems. A hybrid LAES-CAES system
study was carried out by ref. 30. The study proposed a control
strategy to achieve maximum prot from the hybrid system.
Kapila et al.31 illustrated that the economic studies are not fully
covered in most of the studies and only data and outcomes
about the unit's capital cost and capacity are mentioned without
any further detailed economic assessments.

Based on the abovementioned challenges, the current review
will try to shed light on renewable energy sources with more
critical focus on liquefaction, particularly air liquefaction
systems. Comparisons with present systems (e.g., PHS, and
CAES) will be illustrated with reference to the previous studies
reported in the literature. LAES principle, components, and
cycles will be elaborated. The LAES performance, coupling, and
heat recovery will also be further explained. The vital role of
techno-economic analysis in LAES, and the system (hybrid, and
poly) generation coupling will be illustrated. The modelling
techniques in this eld will also be discussed. Based on the
literature review, modelling, economic, and market inuences
© 2023 The Author(s). Published by the Royal Society of Chemistry
are very limited in previous studies. As a result, these challenges
will be addressed to present the maturity development and
limitations in LAES.

2. Energy storage systems, and types

Based on the discussion, literature review illustrated the
renewable energy sources and their types, advantages, and
disadvantages; the main issues that could tackle the direct use
of renewable energy sources are their intermittency, besides
a lower energy content than fossil fuel production. Conse-
quently, the potential use of clean energy sources is still facing
competitive efforts to increase its efficiency, transportation, and
continuous/direct use. Remarkable solutions for intermittency
are all focusing on energy storage systems.32–34 However, energy
storage systems gained widespread interest due to the need to
store the produced energy for further continuous use when
needed.

Different types are used for energy storage over the past few
decades. The pumped hydro showed the major portion with
nearly 99% (Fig. 1), followed by compressed air energy storage,
and chemical energy storage systems.36,37 PHES has the largest
energy storage capacity. It uses the energy stored by pumping
water uphill using the peak-off energy, while using the energy
from water owing downhill and driving the generator to
produce electricity when needed.38 However, PHES lacks nding
a suitable place because of large reservoir required areas.
Moreover, this will affect the land available and the nature
environment. Although new approaches in building up an
underground reservoir give more exibility, but it is still under
development and costly process.39,40 Other energy storage
system examples are ywheel energy storage (FES),41 electrical
energy storage,42 thermal energy storage,43 and hydrogen energy
storage systems.44

3. Air liquefaction system

Liquefaction of a gas is a process by which a gaseous substance
is converted into the liquid state. As the pressure of the gas
increases, the molecules move closer together, and the
temperature of the gas rises. In the process of gas liquefaction,
the reduction in gas temperature requires additional cooling
RSC Adv., 2023, 13, 26380–26391 | 26381
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Fig. 2 LAES cycle principle of work.
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operations. The critical pressure of a gas is the minimum
pressure required to liquify a gas at the critical temperature.
However, critical temperature of a gas is the temperature at or
above which no amount of pressure will liquify the gas, no
matter how high the pressure will be.45,46 Such systems are
called cryogenic energy storage (CES), which provide several
advantages including mature technologies, small losses, and
long-life cycle. Additionally, it is the only storage system that
has no geographical constraints or environmental impacts.26,47

CES systems use different gases for energy storage including H2,
CO2, liqueed natural gas (LNG), and air. However, air seems to
be the most widely used because of its availability everywhere
and no additional costs of extraction or capture like other gases.

Air liquefaction is a specic case of CES, which gained
widespread interest compared to other cryogenics. State-of-the
art technology is still under development since no commercial
plants have been built up.48 LAES is still under development due
to different factors including the technical risks associated, and
the economic benets.22 Air is liqueed at around −195 °C and
stored in cryogenic insulated tanks, i.e., liquid air energy
storage technology (LAES). Air is compressed, liqueed, and
stored using renewable energy sources at off-peak times.
However, when energy is required, the liqueed air is pumped
and expanded into turbines aer reheating to produce the
required power.49 LAES is a compact technology which does not
use large storage volumes because of higher energy density
compared to CAES or PHS. As a result, it can offer a large storage
scale without any geographical constraints. Additionally, the
cold from cryogenic could be used in different (co-recovery)
applications such as refrigeration, frozen and chilled food.23,50

The LAES rst pilot plant (300 kW/2.5 MW h) was developed by
the University of Leeds and Highview Power,27 and further was
patented by ref. 51. The plant used a liqueer based on a Linde–
Hampson liquefaction cycle in which liquid air is stored in
a low-pressure cryogenic tank.
Fig. 3 Linde–Hampson air liquefaction cycle.

26382 | RSC Adv., 2023, 13, 26380–26391
3.1 Principle of the liquefaction process and its components

An air liquefaction cycle is mainly composed of 3 main phases:
charging, storage, and discharge (Fig. 2). Air is compressed and
cooled during off-peak times to form the liquid air, which was
then stored in insulated tanks. The stored liqueed air could be
used later in discharge cycle, whenever energy is required.

In a typical one-stage liquefaction process, air is compressed
up to 40 bars, cooled down in a heat exchanger before
expanding in a Joule–Thomson (J–T) valve, and then stored in
a storage tank. During discharge, air is used to feed a combustor
working with LNG, while the liqueed air is used to cool down
the stream in a heat exchanger simultaneously.52
3.2 Liquid air energy storage cycles

Three main congurations of LAES cycles are commonly used in
liquefaction systems, namely, Linde–Hampson, Claude, and
Kapitza cycles. The following section will illustrate different
components and arrangements for each showing the differ-
ences between them.

3.2.1 Linde–Hampson cycle. The Linde–Hampson cycle
has a simple construction and is based on the vapor-
compression refrigeration cycle. The main components are
illustrated in Fig. 3.

Air is entering at the mixture point 1 to be compressed into
high pressures (up to 20 MPa). The pressurized high-
temperature stream (point 2) is cooled down at constant pres-
sure in the heat exchanger to point 3 (liquid–gas mixture). Air is
cooled down by the return stream from the liquid tank. The
mixture (3) is then further cooled down in Joule–Thomson valve
(isenthalpic expansion 3–4) to ambient pressure. The expansion
process and pressure reduction result in temperature reduction
and more liquid air to be formed. As a result, the mixture is
separated where the liquid air is drained from the liquid tank,
and the gaseous air is further used (recycled) in cooling down
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Claude air liquefaction cycle.
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the compressed air at the cycle inlet for optimizing the heat
exchange process at the heat exchanger.

Several studies were conducted on the Linde–Hampson
cycle.53,54 They revealed that a minimum temperature should be
achieved before the expansion valve. Otherwise, the liquid air
will not be created. Such cycle is not commercially viable and is
used on a very narrow scale because of several limitations
including poor liquid yield, very high pressures, low exergy
efficiency, and cycle irreversibility.55 Therefore, the research
carried out on this cycle is limited and further work has been
carried out on Claude and Kapitza cycles.

3.2.2 Claude cycle. George Claude proposed the Claude
cycle (Fig. 4) in 1902, with two-expansion mechanisms
including the J–T valve, and a cryogenic turbine/expander. The
system has a higher efficiency, with higher work production
compared to Linde–Hampson cycle.

Fig. 4 shows the different parts of the Claude LAES cycle.
Ambient air is mixed at point 1 with return air from the cold box
(heat exchangers 1, 2, and 3), where it is compressed into
intermediate pressures (up to 5 MPa). The compressed air with
high temperature is cooled down in the rst heat exchanger
under constant pressure (process 2–3). Aerwards, a large
fraction of the cold air (point 3) is passed through an expander
(or cryoturbine) to generate power and expanded to the ambient
pressure and low temperature (point 11), where it is further
mixed with the return stream (point 8) to cool down air at the
second heat exchanger. Process 3–11 is a simple isentropic
expansion process. The cold air vapor (point 4) is cooled down
in heat exchanger 3 to achieve the required temperature before
owing through the expansion valve. Aer the expansion valve,
a mixture of vapor and liquid air needs to be separated before
storing and reuse in the discharge cycle.

Claude cycle works in lower pressures, and lower specic
consumption, with higher efficiencies compared to the Linde–
Fig. 5 Kapitza air liquefaction cycle.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Hampson cycle. However, it is very crucial to achieve the
optimal recirculation fraction for every component (the
expander and return vapor) to guarantee the liquid air
production and optimum specic consumption at the
maximum pressure (charging). The optimal recirculating frac-
tion is the ratio between the mass ow rate through the
expansion JT valve to the total mass ow rate entering the
compressor.

3.2.3 Kapitza cycle. Kapitza carried out a modication on
the Claude cycle where he removed the third heat exchanger, as
shown in Fig. 5. Besides the economic design, the third heat
exchanger does not achieve much cooling for the air before the
JT valve.

The air ow aer the rst heat exchanger (point 3) is sepa-
rated into two streams. The rst stream is passed through the
second heat exchanger and further expanded in the JT expan-
sion valve. The second stream is expanded in a turbo-expander
where Kapitza was the rst to test and use such expander in
a liquefaction cycle. The turbo-expander allows more power
generation for the cycle with reducing air pressure and
temperature to be used with the return vapor from the cryo-
tank. Several studies further discussed the Kapitza cycle effi-
ciency and enhancements.45,56

The comparison between the three cycles is illustrated by
Table 1. For each cycle, the specic consumption, exergy effi-
ciency, and operating optimal pressure are shown. The results
indicated that Claude and Kapitza cycles have the higher effi-
ciency with moderate pressures compared to the other cycles.
Borri et al.45 carried out a study for the optimal conguration
and operating conditions for a LAES cycle, and compared
between the use of Claude, Kapitza, and Linde–Hampson
cycles. They showed that the lowest specic consumption is
achieved for a single stage compression at 10 MPa, and 0.1
recirculating fraction. Additionally, they found that a two-stage
RSC Adv., 2023, 13, 26380–26391 | 26383
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Table 1 Comparison between the cycles' performance.57,58

Cycle Heat storage Cold storage hRT hEx Pch Pdic
SP. cons.
(kW h kg−1)

Linde–Hampson Thermal oil, pressurized
water, or PBTES

Methanol-propane, PBTES, multi-
component uids, or propane, or
PBTES

35–62 2.47 4–35 2–20 2.5–2.6

Precooled
Linde–Hampson

Thermal oil, pressurized
water, or ethylene glycol

Methanol-propane, methane-
R218

— 2.47 20 10–16 2.5–2.6

Claude Therminol oil PBTES, or air generator 31–60 12.16 5–20 7.5–20 0.52–0.73
Kapitza Therminol oil, or

pressurized water
Air generator, PBTES-
polypropylene and polyethylene

40–59.4 12.1 5.8–18 8–20 0.52–0.72
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compression and the use of a pressurized phase separator help
in reducing the specic work.
4. State-of-the-art modelling of LAES
and hybrid systems

Themathematical modelling of LAES is still under development
because of the wide variety of variables and machinery
included, e.g., compressors, heat exchangers, pumps, expansion
valves, cryo-turbines, and packed bed thermal energy storage
units. Several modelling tools are being used for simulation
including MATLAB, ASPEN, COMSOL, and EES. The modelling
is used for the units' design, linking components, and test
system level performance. However, the highest challenge is
dedicated to increase the plant round trip efficiency, and liquid
yield. Consequently, LAES cycles are integrated and coupled
with other power cycles to increase their overall exergy.
4.1 LAES modelling

Li et al.59 introduced an algorithm optimization method to
model and optimize the exergy efficiency of LAES. While Guizzi
et al.60 proposed a thermodynamic model for LAES to study the
round-trip efficiency. They found that a round trip efficiency
could be increased up to 55% with the recent technologies.
However, Sciacovelli et al.6 developed a novel model to test the
performance of LAES. They used a hybrid modelling approach
to describe each component in the system. The charge and
discharge cycles were modelled using the EES soware,61 where
the conservation of mass, momentum, and energy was speci-
ed. Additionally, the packed beds for cold storage were
modelled using COMSOL.62 Furthermore, the MATLAB envi-
ronment was used to load and run different parts of the model
when required. The model was validated against experimental
data and found Fair agreement. They found that LAES efficiency
was increased by 50% for the use of packed beds. In a recent
study by S. Wu et al.,63 they proposed an integrated system for
LAES and thermochemical energy storage. The system was built
and examined using the ASPEN PLUS soware, where it showed
energy density and round-trip efficiency higher by 34%, and
13.3% than those of a standalone LAES system.

A hybrid model of LAES and refrigeration system was
modelled using NIST REFPROP by a basic thermodynamic
26384 | RSC Adv., 2023, 13, 26380–26391
modelling method.64 The results were veried using the ASPEN
HYSYS model as a part of the CRYOHUB European research
project. The model describes the liquefaction, cold-energy
storage, and discharge cycles. It was further used to discuss
the parametric analysis to achieve better performance and
round-trip efficiency.

A recent hybrid LAES with ORC was built based on LNG
utilization.65 They proposed a mathematical model including
exergy and energy analysis to study the cycle performance and
its inuence on the key parameters. The ASPEN HYSIS soware
was used in the model, and the results indicated a higher
density and electricity energy storage. Peng et al.66 recovered the
cold energy released during the process of LNG and used it in
LAES cycle. They developed a MATLAB model coupled with
ASPEN assuming a steady state with no heat losses in piping.
They achieved higher liquid yield (∼89%), lower power
consumption (∼32%), and higher exergy efficiency (∼28%) less
than those of a standalone LAES respectively, with a round trip
efficiency (78–89%) compared to (∼60%) of the LAES systems.

A novel integrated system of LAES with the Kalina power
cycle and a thermo-electric generator was developed by ref. 67.
Such system proved to increase the development of renewable
engines, LAES, and assists in the grid stability. The analysis
showed an increase in round trip efficiency up to 61.6%. Addi-
tionally, the system has a total storage energy density (∼109.4
MJ m−3). During the economic book-life of the proposed green
system, it indicates a payback time of 3.5 years and a prot of
$26 million.

An integrated system for LAES with a combined power plant
was introduced by ref. 68. The thermodynamic model is
proposed to recover the wasted heat and cold energy for peak
shaving. It investigates the effect of ambient, inlet tempera-
tures, and NG pressure on the system, and achieved the highest
system efficiency of 99.39%.

Vecchi et al.69 proposed thermodynamic modelling off-
design for LAES to understand the market requirements and
system performance. The model was designed and validated
against experimental data reported in the literature. The model
could carry out an assessment for the LAES to add to the elec-
tricity grid and markets and provide support for low-carbon
power system development. They found that liquid air
consumption and round-trip efficiency are varying up to 30% at
the off-design operation, which might lead to £10 per kW of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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missed revenue. Additionally, the off-design is affecting all LAES
components with the turbines mostly affected with low
pressures.

To the best of authors' knowledge and based on the state-of-
the-art of LAES modelling, a LAES system has low round-trip
efficiency, and liquid yield. As a result, the studies recom-
mend the coupling of modern LAES with other power cycles
(e.g., LNG, Rankine, ORC, thermo-chemical, and refrigeration).
Such integrated systems have high round-trip efficiency, exergy,
and liquid yield. Additionally, the modelling tools in the off-
design area are scarce and need further development. The
prot, payback, and economic analysis of the integrated cycles
will further be discussed in the following section.
4.2 Novel LAES systems and its hybridization

Nuclear power system exibility is introducing a wider variety of
integration for renewable energy systems. A novel system for the
mechanical integration of nuclear station with LAES is
proposed by ref. 70 to achieve higher exibility and economic
viability of the whole system. During off-peaks, the energy is
recovered by evaporation and expansion through the LAES
system, while both the integrated and stand-alone LAES systems
are examined for comparison. During off-peak hours, the excess
steam from the nuclear plant is used to drive steam turbines
coupled with the air compressors of the LAES, whereas during
peak hours, the stored energy is released by evaporation and
expansion. Thermodynamic and economic analyses for both
systems were performed to examine the proposed system. The
results show that energy density and round-trip efficiency for
the proposed cycle were 116 kW h m3 and 51% respectively,
which are competitive to the grid scale applications. The esti-
mated levelized cost of stand-alone LAES and the integrated
system were 219, and 182.6 $ per MW h respectively with 17%
reduction in costs of the LAES cycle. The proposed system is
expected to achieve better performance, lower costs, and gives
potential for renewable energy integration with the grid scale
sizes.

Another recent study by ref. 71 examined the feasibility of
sub-critical LAES systems in terms of exergy, economic, exergo-
economic, energy, and environmental impacts. The design was
Table 2 State-of-the-art advances in integrated LAES systems

System hRT, %

LAES 56.8
LAES-nuclear 51
Sub-critical LAES 68.8
LAES-biomass gasication 79.2
Pumped thermal-LAES 58.7–63.8
Poly generation LAES 63.6
AI for LAES-gas turbine 83
LAES-ORC-CHP —
H2 liquefaction-LAES 58.9
Transcritical CO2-LAES 59.9–66.26%
Biomethane liquefaction-LAES —
Solar-LAES 90.49
Solar-LAES-ORC 73.33

© 2023 The Author(s). Published by the Royal Society of Chemistry
aimed to minimize the costs of the LAES cycle to reduce the
complexity, improve its performance, and recover the waste
exergy during the regasication of natural gas in the terminals.
Additionally, a comparison with ve different systems was
carried out as follows: the conventional LAES, CAES with single-
and two-stage expansion, and a combination of articial neural
networks with genetic algorithms. The optimal proposed design
was able to store during off-peak and generate power during
peak hours by 27.2, and 182.7 MW h respectively. The system
round trip and exergy efficiencies were 77.1, and 68.8%
respectively. They showed that the system payback period was
1.8 years with a net prot of $151 M. Furthermore, for optimum
conditions, the total cost was 461 $ per h, and the round-trip
efficiency was 68%.

LAES is also integrated and driven by biomass gasication
for heat and power generation. A novel system is introduced by
ref. 72 using a thermoelectric generator and domestic hot water
for waste heat recovery during the compression process. The
proposed system compresses 1 kg s−1 of air by consuming 3964
kW h during the charging, which generates 3795 kW h of heat
and 9041 kW h of power. The system has energy and exergy
efficiencies of 79.2% and 51.8% respectively. They reported that
the gasication unit is responsible of 65% of the whole system
exergy. However, the optimization data of the plant shows that
the novel system is able to provide constant power for three days
in February, July, and December by 2615, 120.4, and 1425 MW
respectively. Additionally, for December and February, the
system income from electric generation was estimated to be 1
M$, while it was 20.045 M$ in July.

An off-design LAESmodelling system was proposed by ref. 73
to decarbonize the increasingly distributed systems of energy.
The system was integrated with a micro-grid mixed integer
programming framework. The integrated system aims to
investigate the optimum ratio of energy to power of the LAES
cycle, optimal sizing for the units, and achieve the balanced
environmental and economic benets. They reported that
optimum charge/discharge energy to power is 27/14 h with 75%
obtained wind power. As a result, it leads to 60% reduction in
carbon emissions. The model importance was concluded in its
ability for micro-grid hybrid-LAES application design and
Cost, units vary Ref.

219 $ per MW h 70
182.6 $ per MW h 70
461 $ per h 71
— 72
— 74
9.51 × 107 US$ 75
Up to 300 $ per MW h 76
— 77
7.0 $ per kg LH2, total $135 M 78
— 79
$6.3 M 80
— 81
143.4 $ per MW h 82
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prediction of different scenarios under design and off-design
conditions.

Recent research by ref. 74 introduced a novel system for
pumped thermal system integrated with the LAES (PTLAES).
The proposed system converts electricity into liquid air and heat
during off-peak hours and re-convert them again into electricity
during peak hours. The integrated system offers a high density
for the energy storage. Three integrated systems for the PTLAES
were introduced and thermodynamically studied including the
basic cycle, precooled, and multi-stage under different pres-
sures. The proposed systems introduced higher round trip
efficiencies between 58.7 and 63.8%, while the energy storage
density reached values up to 107.6 kW hm3 when the basalt was
used as a thermal storage medium which is 1.3–2 times higher
than LAES systems.

Another research by ref. 75 introduced the integration of
ash desalination with the LAES for poly-generation. They
conducted exergy, energy, economic, and environmental
assessments for the proposed design. The system was able to
provide heat, cooling, electricity, hydrogen, sodium hypochlo-
rite, and fresh water. The integrated system was composed of
three main subsystems: multi-stage ash desalination, LAES,
and CCHP unit. The round trip and exergy efficiencies were
reported to be 63.6% and 61% respectively. Additionally, the
system was able to produce hydrogen, fresh water, and sodium
hypochlorite by 10.2 × 105 m3 per year, 4.8 × 103 m3 per year,
and 43.2 tons/year respectively. The economic evaluation of the
integrated system showed a payback period of 3.4 years,
whereas the highest costs were towards the LAES system
(∼92.1%).

The recent advances of the integrated systems with LAES are
further presented in Table 2 where the highest round-trip effi-
ciencies are found for solar integrated systems because of their
Fig. 6 Total energy storage market forecast.84

Table 3 Energy storage market and capacity demand in the next 15 yea

Electronic devices

Market, 2019 $24 billion
Market, 2035 $32 billion
Capacity demand,
2019

39 GW h

Capacity demand,
2035

72 GW h

26386 | RSC Adv., 2023, 13, 26380–26391
lower input energy consumption, followed by gasication units
and waste heat recovery.
5. LAES market and economy
(techno-economic analysis)

Although the current deployment of energy storage is around
164 GW h, it is estimated that it will reach an annual combined
deployment of 3046 GW h, and a market value of $546 billion by
2035.83 Three main sectors of energy storage – mobility, elec-
tronics, and stationary storage – are the most well known and
used currently and in future, as illustrated in Fig. 6.

Electronic devices (e.g., cell phones, laptops, and drones) are
the most familiar in the market of energy storage, which is ex-
pected to increase its growing opportunities in future. However,
mobility applications such as battery electric vehicles and fuel
cells are expanding in manufacturing for increasing its appli-
cations and work, whereas the stationary storage systems are
widely increasing to support renewables market and meet the
grid demands. LAES is classied as a stationary unit, which is
expected to grow from $9.1 to $111.8 billion from 2019 to 2035
(Table 3).

LAES technology will have the potential for increasing the
grid capacity and lowering energy prices using power generated
from renewables. Liquid air could satisfy many energy needs at
the same time, e.g., energy production, cooling, and heating in
poly-generation systems.85 LAES also have a high energy density
(∼5 times) compared to CAES.50 However, it has to be coupled
with other energy recovery systems to achieve economic benets
and revenue.

Hamdy et al.86 carried out exergy and economic analysis of
a 100 MW/400 MW h LAES plant. They found that the storage
cost could be reduced by 27% with a round trip efficiency
rs84

Personal mobility Stationary

$24 billion $9.1 billion
$32 billion $111.8 billion
38 GW h 12.5 GW h

175.5 GW h 222.7 GW h

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Techno-economic analysis of LAES integrated systems

System/size hRT, % Payback, years Prot, $M Ref.

LAES (200 MW) 37.38 36.9–39.4 18.6 59, 60 and 86
Solar (54 MW) 54.05 2.42 137.4 94
LNG (122.2 MW) 78–106 5.7 369.88 65, 92 and 96
Waste heat (200 MW) 50 8.7–9.8 180 89 and 91
Refrigeration (54.81 MW) 71 2.7–3.1 — 64 and 97
Kalina, absorption (5.3 MW) 65.7 3.6 11.3 95

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

7/
10

/2
02

5 
8:

02
:2

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
penalized by 7% point. While Zhang et al.65 in their LAES-LNG
integrated plant have concluded that this combined plant
could increase the storage efficiency by 70%. Other recent
studies show similar results for hybrid cycles and recovery
systems with LAES, e.g., see ref. 87 and 88.

Lin et al.89 introduced a methodology for evaluating the
economic aspects and viability of LAES based on price varia-
tions in the UK. They used algorithm for predicting price
threshold every 30 minutes under different working conditions.
The algorithm is further used in making decisions of the system
to charge, discharge, or standby. They found that a 200 MW
system of LAES could achieve a net present value of £43.8 M.
Additionally, without considering waste heat recovery, the
payback period of the 200 MW system could be up to 36.9–39.4
years, whereas if the waste heat is recovered with 150 °C, the
payback period will be short as 8.7–9.8 years. Compared to the
300 MW/1800 MW h pumped hydro storage plant90 with
a payback period >40 years, the LAES is very promising, as the
payback period could be shortened to 9.8 years with the use of
waste heat. However, Xie et al.91 studied the economic feasibility
of a hybrid energy storage system considering the market effect.
They proposed a methodology for sizing the optimization of
individual system components, e.g., charging, discharging, and
storing. As a result, it was used to nd economic objectives and
optimize the net present value from linking such systems with
the grid. They found that the payback period could be varied
between 5.6 and 25.7 years for a 200 MW system considering
making use of the waste heat (0–250 °C). A LAES system can
achieve higher prot only by integrating the waste heat or
increasing the system scale. Therefore, it always requires higher
economic feasibility to integrate LAES with other systems for
heat recovery (waste heat, or cold).

An environmental analysis and a thermo-economic study
were carried out for a hybrid LAES-LNG regasication and
combustion plant.92 The techno-economic analysis was
compared with an adiabatic CAES and a standalone LAES
system. The hybrid system showed a higher round-trip effi-
ciency (∼74.3%), which proved the good economic performance
of the hybrid design.

While Mazzoni et al.93 compared the benets of using (300–
2000 kW h) electrochemical and LAES systems for a building.
The cost–benet analysis and economic dispatch were evalu-
ated, where the electrochemical system shows a relatively
higher round-trip efficiency. However, the LAES was a more
economic and viable option because of lower capital costs.

In another research,94 they integrated the LAES with
concentrated solar power to study the effect on environment
© 2023 The Author(s). Published by the Royal Society of Chemistry
and cycle performance. They found that during peak times, the
system could produce a power of 53.9 MW and hot water of 55
kg s−1 for domestic use. Higher round trip and exergy efficien-
cies were achieved as 54.05% and 46.51%, respectively. It also
showed a decrease in CO2 production by 5100 tons for an
annual power generation of 25 GW h when applied to San Diego
as a case study. Their economic evaluation showed a prot of
137.4 $M, and a payback period of 2.42 years.

A green multi-generation system based on integrating LAES,
Kalina cycle, and absorption cycle was proposed by ref. 95. The
system can produce cooling and electric power during peak
periods. They found that during 3 h, the system can produce
5300 kW, with round trip and exergy efficiencies of 65.7% and
49.7%, respectively. The economic analysis illustrated that
a payback period of the system was estimated to be 3.6 years
with a prot of $11.3 M by the end of 25 years.

The data illustrated in Table 4 demonstrate the techno-
economic effect of LAES hybridization with other power
systems. LAES as a standalone system has a poor performance
in terms of round-trip efficiency, payback years, and system
prot. As a result, for the same system size of 200 MW, the
system integration with waste heat recovery shows an increase
in round-trip efficiency by 37% than LAES, with a higher prot
value and a lower payback time. This is because of maximizing
the use of waste energy and increasing overall system exergy.
The highest efficiencies (up to 106%) are found for LNG
coupling because of higher energy density and content. Addi-
tionally, the very low temperatures of LNG (∼−150 °C) allows
the maximum use for cooling the air in the cold box, and hence,
turns it into liquid air. LAES system integration with LNG, solar,
waste heat, and refrigeration shows an increase in round-trip
efficiency, although different scales are used in comparison.
In turn, it shows a lack of economic studies and large-scale data
of such systems.
6. Conclusion

The current study discussed different types of renewable energy
sources, with their main limitation of intermittency. Liquid air
energy storage (LAES) has recently been an attractive solution
for energy storage. It is able to compete with other familiar
energy storage systems such as CAES, and PHE. The technology
has no geographical limitations (like CAES and PHE), its
components are commercially available, with high energy
density, and it is possible to be used and integrated with other
technologies. However, commercial scale units are starting to
nd its way in the market with economic benets because of the
RSC Adv., 2023, 13, 26380–26391 | 26387
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lower round trip efficiency. LAES types, components, modelling
techniques, and techno-economic analysis for standalone and
hybrid systems were all carried out in this study, which
conclude the following:

� LAES is a novel technology that can afford energy storage
with medium and large scale for grid connection and other
industrial applications for full/part loads.

� LAES is strongly affected by market requirements and
service provided.

� Off-design conditions are not fully covered and do not
support the required performance of the LAES system. However,
off-design is an important step for the economic assessment
and relative nancial values. This eld needs to be fully covered
because of limited previous research and data.

� Highest round-trip efficiencies are found for LNG-solar
integrated systems because of lower input energy require-
ments, followed by the integrated gasication and waste heat
recovery.

� Techno-economic analysis suggests the hybridization of
LAES and the use of other power cycle integration to increase its
performance (efficiency, liquid yield, cost, and electricity
prices).

� Payback periods vary between ∼2 and 40 years depending
on the system size and level of hybrid units connected with
LAES.

� The state-of-the-art technology is still under development
(prototypes), because of lack of actual operating conditions and
results from large plants, which, in turn, affect the techno-
economic predictions.

� The mathematical modelling of LAES is still under devel-
opment because of the wide variety of variables and machinery
included. Most modelling focus on increasing plant exergy and
efficiency.
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